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In this paper, we show that the polarization entangled photon pairs can be generated using spon-
taneous parametric down conversion in a dual periodically poled planar waveguide. The proposed
configuration is shown to have efficiencies higher than in the case of bulk crystals with the pos-
sibility of ease of collection like in channel waveguides with the additional feature of wavelength
tunability. We also show that the planar waveguide configuration permits the generation of hyper
entanglement in polarization and path degree of freedom which is not possible in case of channel
waveguide. The proposed design should find applications in quantum information processing using
integrated quantum optics.
I. INTRODUCTION
Spontaneous parametric down conversion (SPDC) is
one of the most extensively used processes for the gen-
eration of entangled photon pairs. Generation of entan-
gled photon pairs have been extensively studied both in
bulk crystals [1, 2] and channel waveguides [3–6]. En-
tangled photon pairs generated through SPDC process
in bulk nonlinear optic crystals suffer from a number of
problems such as low efficiency, design complication, low
interaction length, and are hard to implement for prac-
tical applications. In order to overcome these problems
SPDC process has been implemented in nonlinear chan-
nel waveguides which have higher down conversion effi-
ciencies in comparison to a bulk crystal [3–6]. At the
same time, the flexibility in terms of variation in pump
frequency or tunability in the generation of entangled
pairs is not possible in channel waveguides.
In this aspect, planar waveguides which have confine-
ment only along one direction can offer us better effi-
ciency compared to bulk while at the same time providing
us with a possibility of frequency tunability of the SPDC
pairs by appropriately tuning the pump wavelength and
ease of collection of the generated photon pairs.
In this paper we present the design and analysis of
the generation of polarization entangled photon pairs in
planar waveguides and show the advantages of this vis
a vis bulk and channel waveguide geometries. Numeri-
cal simulation for optimization of the entangled photon
pair generation process and tunability of the generated
photon pairs is carried out using planar waveguides in
KTP.
II. PRINCIPLE
We consider SPDC in a planar waveguide in a z-cut,
x-propagating potassium titanyl phosphate (KTP) sub-
strate. In order to simultaneously realize two type-II
SPDC processes we assume that the substrate has two
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FIG. 2. Wave vector diagram for the two SPDC processes.
periodical poling at two different slant angles [7, 8] as
shown in Fig. 1. With appropriate poling periods it
is possible to achieve simultaneously the following two
down conversion processes from a horizontally polarized
pump photon into a pair of signal and idler photons with
the same frequencies ωs and ωi:
1 : Hp0 → Hs0 + Vi0
2 : Hp0 → Vs0 +Hi0.
We will refer to Hp0(s0,i0) and Vp0(s0,i0) as horizontal
and vertical polarization states of pump (signal, idler)
in the fundamental (0) mode respectively, with domi-
nant components of the electric field oriented respectively
along the plane of the waveguide and perpendicular to the
plane of the waveguide. The vector diagrams showing the
phase matching conditions for the two SPDC processes
is shown in Fig. 2. The figure shows the possibility of
achieving pairs of horizontal and vertical polarized signal
and idler pairs along the two chosen pairs of directions.
In such a case the output is expected to be a polarization
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2entangled state given by (see Sec. III):
|Ψ〉 = η
∫
dωs
[
fHV |Hs0, Vi0〉 + fV H |Vs0, Hi0〉
]
. (1)
where fHV and fV H are coefficients defined in Eqs. (10b).
The phase mismatches of the two QPM conditions cor-
responding to the two processes are given as:
∆~k1 = ~kpH − ~ksH − ~kiV − ~K1 (2a)
∆~k2 = ~kpH − ~ksV − ~kiH − ~K2 (2b)
Here,
~kpH = βpH xˆ;
~ksH(V ) = βsH(V )(cos θsxˆ+ sin θsyˆ);
~kiH(V ) = βiH(V )(cos θixˆ+ sin θiyˆ);
~Kj = Kj(cos θgj xˆ+ sin θgj yˆ) (2c)
where it is assumed that the signal and idler pairs cor-
responding to the two orthogonal polarizations appear
along the same angle as shown in Fig. 2. As shown in
Fig. 2, ~kpH is the horizontally polarized pump wave vec-
tor along the x - axis; ~ksH(V ) and ~kiH(V ) are the wave
vectors corresponding to the horizontally (vertically) po-
larized signal and idler modes making angles θs (emis-
sion angle of signal) and θi (emission angle of idler) re-
spectively with x -axis;
−→
K1 and ~K2 are the grating vec-
tors making angles θg1 and θg2 with x- axis respectively.
In Eq. (2c), βαm = 2pi
nαm
λα
is the propagation constant,
where α = p, s, i for pump, signal and idler respectively;
m = H,V for the horizontal and vertical polarization re-
spectively; λp(s,i) is the pump (signal, idler) wavelength
and nαm is the effective indices at different frequencies
and polarization.
The phase mismatches corresponding to the x and y-
components for the two processes are given by:
∆k(HV )x = βpH − βsH cos θs − βiV cos θi −K1 cos θg1
(3a)
∆k(HV )y = βsH sin θs + βiV sin θi −K1 sin θg1 (3b)
∆k(V H)x = βpH − βsV cos θs − βiH cos θi −K2 cos θg2
(3c)
∆k(V H)y = βsV sin θs + βiH sin θi −K2 sin θg2 (3d)
In order that the output state defined by Eq. (1) is
a polarization entangled state, the signal and idler pairs
in the two processes have to appear at the same pair
of angles i.e. direction of emission of horizontally and
vertically polarized signal (or idler) must be same (see
Fig. 1). With a proper design of waveguide geometry and
QPM slant gratings the coefficients fHV and fV H can be
made equal, thus providing the possibility of producing
maximally entangled state with maximum efficiency in a
planar waveguide.
We will show in Sec. IV that down conversion process
implemented in planar waveguide has higher efficiency
and enhanced pair rate in comparison to bulk nonlinear
crystal. We will also show that by an appropriate choice
of the angle made by the grating vectors, it is possible to
satisfy the quasi phase matching conditions correspond-
ing to both components and thus achieve high efficiency
SPDC into planar waveguide modes of the waveguide. In
addition, we will show that by changing the pump wave-
length, it is possible to generate different frequency pairs
of entangled photons which will exit at different angles
(θs, θi) thus providing us the tunability of the SPDC pro-
cess.
III. ANALYSIS
In this section we will provide a description of SPDC
process in a periodically poled single moded planar
waveguide at signal and idler wavelength for generation
of polarization entangled photon pairs.
We consider a pump to have a Gaussian transverse pro-
file of beam waist Wp along the y-direction and traveling
along the x-direction in a dual periodically poled planar
waveguide with the optic axis along z- axis(Fig. 1) . We
assume the pump to be described by a classical field as it
is assumed to be strong. Thus the electric field at pump
is given by:
~EpH =
1
2
[
ξpH(~r, t) + ξ
∗
pH(~r, t)
]
(4a)
ξpH(~r, t) = Ap0up(x, y, z)e
i(kpHx−ωpt) (4b)
Here, up(x, y, z) represents the spatial distribution of
pump described as:
up(x, y, z) =
(
1√
µ
)
exp
(
− y
2
µW 2p
)
Ψ(H)p (z)
where, µ = 1 + i 2xkpHW 2p
and, Ap0 is the amplitude of pump given as:
Ap0 =
(
2
pi
) 1
4
√
2Pp
Wpc0npH
where, Pp is the pump power, 0 is the free space permit-
tivity and c is the speed of light in vacuum.
The quantized electric fields at signal and idler corre-
sponding to different polarization are represented by the
following equations:
Eˆs(i)m =
1
2
[
ξˆs(i)m(~r, t) + ξˆ
†
s(i)m(~r, t)
]
(5a)
ξˆs(i)m(~r, t) = i
∑
m=H,V
∑
l
∑
~k
(l)
s(i)m
√√√√ 2h¯ωs(i)
(n
(l)
s(i)m)
2
0A
Ψ
(m)
s(i)l(z)
× ei(~k
(l)
s(i)m
.~rt−ωs,it)aˆs(i)m(~k
(l)
s(i)m) (5b)
3Since we are considering the single moded planar
waveguide at signal and idler wavelength, thus, l = 0
and hence by putting ~k
(0)
s(i)m =
~ks(i)m, n
(0)
s(i)m = ns(i)m
and aˆs(i)m(~k
(0)
s(i)m) = aˆs(i)m(
~ks(i)m), we get
ξˆs(i)(~r, t) = i
∑
m=H,V
∑
~ks(i)m
√
2h¯ωs(i)
n2s(i)m0A
Ψ
(m)
s(i)0(z)
× ei(~k
(l)
s(i)m
.~rt−ωs,it)aˆs(i)m(~ks(i)m) (5c)
Here, ~ks(i)m = (k
(m)
s(i)x, k
(m)
s(i)y), ωp,s,i are pump, signal and
idler frequencies, A = LxLy; Lx and Ly are the length
of the quantization volume along the x and y directions
respectively, aˆs(i)m and aˆ
†
s(i)m represent the annihilation
and creation operators of the generated signal (idler) pho-
tons of transverse wave vectors ~ks(i)m corresponding to
fundamental spatial mode and the m = H,V polariza-
tion and ψ
(m)
p(s,i)l(z) is the normalized modal field profile
for pump (signal, idler) along the z direction of the H-
and V -polarized l-modes such that
∫ |ψ(m)p(s,i)l|2dz = 1.
We have abbreviated ~r = (x, y, z) and ~rt = (x, y) for
denoting the three and two dimensional position vectors
respectively.
The interaction Hamiltonian is given by [9–11]
Hˆint(t) =
−0
2
∫∫∫
d(x, y)
(
ξpH ξˆ
†
smξˆ
†
in + h.c.
)
dxdydz
(6a)
where, h.c. represents Hermitian conjugate, d is the non-
linear coefficient and L is the length of crystal along the
propagation axis xˆ. Here, spatial dependence of d is in-
cluded to take into account the peridoic poling of crystal.
Substituting Eqs. (4b) and (5c) in Eq. (6a), we get the
following expression for the interaction Hamiltonian:
Hˆint(t) =
√
piWpLAp0deff h¯
√
ωsωi
A
∑
m,n=H,V
m6=n
∑
~ksm,~kin
[
I
(mn)
z
nsmnin
×φmn(~ksm,~kin)ei(ωp−ωs−ωi)taˆ†sm(~ksm)aˆ†in(~kin) + h.c.
]
(6b)
Here, deff is the effective nonlinear coefficent and
φmn(~ksm,~kin) is the phase matching function given as:
φmn(~ksm,~kin) = exp
(
− (∆k
(mn)
y Wp)
2
4
)
× sinc
(
∆k(mn)L
2
)
ei
∆k(mn)L
2 (7a)
where,
∆k(mn)y = k
(m)
sy + k
(n)
iy −Kj sin θgj
∆k(mn) = ∆k(mn)x −
(∆k
(mn)
y )2
2kpH
= kpH − k(m)sx − k(n)ix −Kj cos θgj −
(∆k
(mn)
y )2
2kpH
kms(i)x = βs(i)m cos θs(i); k
m
s(i)y = βs(i)m sin θs(i)
I
(mn)
z is the overlap integral between the fundamental
modes of pump, signal and idler for m,n = H,V and
m 6= n, and is described by:
I(mn)z =
∫
Ψ
(H)
p0 (z)(Ψ
(m)
s0 (z))
∗(Ψ(n)i0 (z))
∗dz (7b)
Now, in accordance with the interaction picture, the
overall output state is given as:
|Ψ〉 = |0s, 0i〉 + 1
ih¯
∫
dtHˆint(t)|0s, 0i〉
= |0s, 0i〉 + |Ψ1〉 (8)
The |0s, 0i〉 state correspond to vacuum state i.e. no sig-
nal and idler photon.
Now, replacing
∑
(~ksm,~kin)
→ A2(2pi)4
∫
d~ksm
∫
d~kin and
d~ksm =
ns(i)m
c dωsdk
(m)
sy and assuming pump to be
monochromatic with a single frequency, ωp = ωs + ωi,
we get the overall normalized two photon entangled state
(neglecting the vacuum state) as:
|Ψ1〉 = η
i
∫
dωs[CHV (ωs)aˆ
†
sH aˆ
†
iV + CV H(ωs)aˆ
†
sV aˆ
†
iH ]|0s, 0i〉
=
η
i
∫
dωs
[
CHV |Hs0, Vi0〉 + CV H |Vs0, Hi0〉
]
. (9a)
where,
Cmn(ωs) =
√
ωs(ωp − ωs)I(mn)z
∫∫
φmn(~ksm,~kin)dk
(m)
sy dk
(n)
iy
(9b)
η =
AdeffLWpAp0
2
√
pi(2pic)2
(9c)
The wave function given by Eq. (9a) describes the gen-
eral two - photon SPDC state i.e. entire field emerging
from planar waveguide into free space. However, in order
to obtain the entangled photon state along the two cho-
sen pair of angles θs and θi in the x- y plane, the output
state is coupled into channel waveguide and thus, the co-
efficient Cmn is integrated within a range of θs(i) ± δθ ;
where, δθ is determined by width of the channel waveg-
uide positioned at an angle θs(i). Thus the two photon
entangled state along an angle is given as:
|Ψ2〉 = η
i
∫
dωs
[
fHV |Hs0, Vi0〉 + fV H |Vs0, Hi0〉
]
.
(10a)
4Here,
fmn(ωs) =
√
ωs(ωp − ωs)I(mn)z βsmβin
×
∫ θs+δθ
θs−δθ
∫ θi+δθ
θi−δθ
φmndθsdθi (10b)
The concurrence E, an entanglement monotone, can be
calculated as [12–14]:
E =
2|∫ dωs [fHV (ωs)f∗V H(ωs)] |∫
dωs[|fHV (ωs)|2 + |fV H(ωs)|2]] (11)
The output state will be maximally (polarization) en-
tangled state for E = 1 i.e.|fHV (ωs)| = |fV H(ωs)|; ∀ ωs
or using a narrow - band wavelength filter to limit the
range of ωs and will be generated with maximum effi-
ciency for ∆k
(mn)
y = 0 and ∆k
(mn)
x = 0;m,n = H,V and
m 6= n.
Next, we derive an expression for the power of signal
generated in planar waveguide through type - II SPDC
process and for this, we will follow the same approach as
mentioned in Ref. [10, 15]. We first calculate the transi-
tion rate using the Fermis Golden Rule. To calculate the
transition rate, we need to find the density of states.
The number of H(V ) - polarized signal and V (H) -
polarized idler states in the element d2~ksH(V )d
2~kiV (H) is
given as:
dN1(2) =
A2
(2pi)4
d2~ksH(V )d
2~kiV (H) (12a)
Therefore, the density of states in planar waveguide is
given as:
ρ
(P )
1(2) =
A2nsH(V )niV (H)
(2pi)4h¯c2
dksH(V )ydkiV (H)ydωs (12b)
Thus, the transition rate for the j = 1 and 2 processes
is:
T1(2) =
2pi
h¯
|〈H(V )s, V (H)i|Hˆint|0s, 0i〉|2ρ(P )1(2) (12c)
The |H(V )s, V (H)i〉 = aˆ†sH(V )aˆ†iV (H)|0s, 0i〉 state corre-
sponds to final state having one signal and one idler pho-
ton corresponding to the fundamental spatial modes in
horizontal (vertical) and vertical (horizontal) polariza-
tion respectively.
The down converted signal power in a frequency in-
terval, dωs or wavelength interval, dλs is, dPs = h¯ωsT .
Thus, we get the following expression for signal power for
m,n = H,V and m 6= n:
dP (mn)s = 2(2pi)
3/2
h¯cd2PpL
2Wp
(
I
(mn)
z
)2
0npHnsmninλ4sλi
×
∫∫
dk
(n)
iy dk
(m)
sy |φmn|2dλs (13)
The radiated signal power in bulk, dP
(B)
s is given as [9]:
dP
(B)
s1(2) =
2h¯cd2PpL
2W 2p IB1(2)
0npHnsH(V )niV (H)λ4sλi
dλs (14)
where,
IB1(2) =
∫∫∫∫
exp
(
−
(∆K2y1(2) + ∆K
2
z1(2))W
2
p
2
)
sinc2
(
∆Kx1(2)L
2
)
dkiydkizdksydksz
∆Kxj ,∆Kyj and ∆Kzj is the phase mismatch along the
x, y and z directions respectively for j = 1 and 2 pro-
cesses in bulk .
In order to make coefficients fHV and fV H to be equal,
periodic poling of substrate is needed. For generation
of polarization entangled photon pairs through type-II
collinear (< 1◦) and non-degenerate SPDC process we
require two linear QPM gratings to satisfy the two lon-
gitudinal phase matching conditions only but for non
collinear emission (> 1◦) of polarization entangled pho-
ton pairs, either two slanted periodical poling of substrate
or one slanted periodical poling of substrate in addition
to one linear QPM grating is needed to satisfy all the
four QPM conditions simultaneously. Also, the trans-
verse phase matching condition dictates that if the emis-
sion angle of signal is in first quadrant then idler emission
angles must be in fourth quadrant and vice versa. It may
also be worth mentioning here that if the two slant grat-
ing are used then they must be aligned in two opposite
directions with respect to propagation axis xˆ in order
to satisfy the two transverse phase matching conditions
simultaneously for non collinear emission.
In planar waveguide, an angular degree of freedom is
available with respect to the phase matching conditions
of the two processes (see Eqs. (3a) - (3d)), so that tun-
ing of the pump wavelength leads to the generation of
maximally entangled photon pairs having specific com-
binations of signal and idler wavelengths emitted along
a particular pair of emission angles. In contrast, chan-
nel waveguides in nonlinear materials can confine light in
both transverse directions, implying a restriction to only
one translation degree of freedom, i.e. the propagation
direction of the interacting photons, so no angular degree
of freedom is available and thus tunability of generated
photon pairs is not possible.
In addition, in the case of planar waveguides signal and
idler photons are physically separated and so there is no
need of any device to separate them unlike in the case of
channel waveguide.
IV. NUMERICAL SIMULATIONS
In order to validate our analysis, we present numerical
results for an ion exchanged potassium titanyl phosphate
(KTP) [16, 17] planar waveguide of depth, d = 2.0 µm
5d
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ns
y
z
FIG. 3. Cross sectional view of the planar waveguide
with a step index refractive profile. For the numerical
simulations, the values of the KTP substrate refractive
indices (ns) for different wavelengths and different polar-
izations were calculated using Sellmeier equations given
in [18] and the refractive index difference (∆n) for a
waveguide is taken to be 0.02 [16].
We have carried out the modal analysis [19] for pla-
nar waveguide of depth, d (Fig. 3) to calculate the eigen-
modes and thus, obtained the propagation constant of H-
polarized and V -polarized fundamental mode at pump,
signal and idler wavelength by solving eigenvalue equa-
tion of TE mode and TM mode respectively.
Using the modal field distributions of the H- and V -
polarized fundamental mode of pump, signal and idler so
evaluated from modal analysis of planar waveguide, we
have calculated the overlap integrals defined by Eq. (7b)
and it is found that the overlap integrals for both the
processes are almost equal.
We first demonstrate that the production rate of the
down converted photon pairs generated through SPDC
process in a periodically poled KTP (PPKTP) planar
waveguide is more than in periodically poled bulk KTP
nonlinear crystal. For this, we consider a type-II collinear
and non-degenerate SPDC process assuming a 405 nm
pump beam of Wp = 100 µm beam waist with a pump
power of 1 mW in a PPKTP of length, L = 10 mm. The
variation of signal power density with signal wavelength
is shown in Fig. 4(a) for periodically poled planar waveg-
uide of grating period, Λ = 9.0 µm. Fig. 4(b) shows the
power density in case of periodically poled bulk substrate
with QPM grating period, Λ = 10.06 µm (this period is
different from the waveguide case as in this case the ef-
fective index is just the bulk index of the substrate).
It can be seen from Figs. 4(a) and 4(b) that signal
power density in the planar waveguide is larger by a fac-
tor of about 10 compared to that in bulk which in turn
leads to higher rate of generation of SPDC pairs in planar
waveguide in comparison to bulk.
Next, we compare the signal power density vs emis-
sion angles for both planar waveguide and bulk crystals
for a collinear phase matching at a pump and signal
wavelength of 405 nm and 807 nm respectively. From
Figs. 5(a) and 5(b) , we can see that the signal power
density for planar waveguide is much larger (∼300 times)
than that of bulk.
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FIG. 4. Variation of signal power density with wavelength in
(a) planar waveguide (b) bulk
FIG. 5. Variation of signal power density with emission angles
in (a) planar waveguide (b) bulk. In case of bulk cyrstal,
signal power density is calculated at a zero polar angle (φ =
0). Notice the highly different scales for efficiencies in the two
cases.
Now, we show the generation of polarization entan-
gled photon pairs through type II non collinear and non-
degenerate SPDC process in KTP having one linear grat-
ing and one slant periodic domain reversal grating. We
calculate the photon flux in an angular region of ±0.034◦
(corresponding to 6 µm wide channel waveguide) along
an appropriate pairs of signal and idler emission angles.
Simulations have been carried out for generation of
maximally entangled photon pairs for a pump wavelength
of 405 nm, pump beam waist, Wp = 100 µm , signal
emission angle, θs = 2.5
◦ and waveguide parameters as:
waveguide length = 10 mm; depth =2.0 µm. We opti-
6805.5 806 806.5 807 807.5 808 808.50
0.2
0.4
0.6
0.8
1
λs (nm)
Sp
ec
tra
l d
en
si
ty
 (a
rb
. u
ni
ts
)
Hp0 Hs0+Vi0
Hp0 Vs0+Hi0
(a) λp = 405 nm
807.5 808 808.5 809 809.5 810 810.50
0.2
0.4
0.6
0.8
1
λs (nm)
Sp
ec
tra
l d
en
si
ty
 (a
rb
. u
ni
ts
)
Hp0 Hs0+Vi0
Hp0 Vs0+Hi0
(b) λp = 406 nm
FIG. 6. Plot of output spectra for two processes as a function
of signal wavelength for a pump wavelength (a) 405 nm (b)
406 nm
mize the signal wavelength and idler emission angle for
slant grating angle, θg1 = 0
◦ which dictates the conser-
vation of transverse phase matching function of process
1. Thus the conservation of transverse QPM condition of
process 1 for signal wavelength, λs = 807 nm corresponds
to θi = −(θs − 0.1). Now, we chose the QPM grating
period of first grating = 8.62 µm, period of second grat-
ing = 8.75 µm and slant grating angle, θg2 = −4.64◦ so
that the QPM conditions for both the processes can be
simultaneously satisfied and the polarization entangled
photon pairs appear with maximum probability along
the pair of angles (θs, θi) = (2.5
◦,−2.4◦) corresponding
to the pair of wavelengths (λs, λi) = (807 nm, 813.02
nm)(see Fig. 6(a)). It can be seen from Fig. 6(a) that
the two processes have overlapping spectra with identi-
cal bandwidths of 1.3 nm. Thus, |fHV (ωs)| = |fV H(ωs)|
over an entire region of spectral overlap and this leads to
maximally entangled state with a concurrence, E=1.
In context to the tunability of generated photon pairs
in planar waveguide, we study generation of entangled
photon pairs at different wavelengths along different pairs
of angles using different pump wavelengths but with same
gratings.Figure 6(b) shows the normalized output spec-
tra at the signal wavelength corresponding to both of
the SPDC processes for pump wavelength of 406 nm. It
can be seen that by changing the pump wavelength to
406 nm entangled photon pairs can be generated with
maximum efficiency for the wavelength pair of (λs, λi)
= (808.92 nm, 815.01 nm) at a different angle pair of
(θs, θi) = (2.94
◦,−2.84◦). Thus by using a narrow band
wavelength filter at the signal wavelength of 808.92 nm,
we can obtain entangled photon pairs at the output with
E≈0.96 for a filter bandwidth of 0.1 nm. It is worth not-
ing here that even by changing the pump wavelength by
1 nm maximally polarization entangled state can still be
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FIG. 7. Variation of concurrence, E as function of signal
emission angles
generated along the different pair of emission angles.
It may be worth mentioning here that the entangled
photons pairs can also be generated for higher emission
angles with larger tunability of generated photon pairs by
changing the grating periods but at a cost of efficiency of
generated photon pairs.
Now, in order to demonstrate the feature of tunabil-
ity we plot the concurrence as a function of signal emis-
sion angles with idler emission angles, θi = −(θs − 0.1)
for three different pump wavelengths(see Fig. 7). It can
be clearly seen from Fig. 7 that the photons are max-
imally entangled for different pump wavelength at dif-
ferent emissions angles exhibiting the tunability of the
design.
It is worth to emphasize here that in the case of chan-
nel waveguides, in view of the phase matching condition
any change in pump wavelength by as much as 0.1 nm
leads to reduction in SPDC process and does not lead to
generation of maximally entangled photon pairs.
Figure 8 shows a possible implementation of the pro-
posal in integrated optic form. At the end of the planar
waveguide section channel waveguides can be positioned
at appropriate angles as per the design to which the gen-
erated photon pairs can get coupled (much like in the
case of arrayed waveguide gratings used in optical fiber
communication[20]). The output of the channel waveg-
uides can be coupled to optical fibers for further process-
ing. Depending on the pump wavelength different wave-
length pairs of entangled signal and idler wavelengths will
exit from different pairs of channel waveguides.
In addition to this, planar waveguide configuration
with appropriate QPM gratings can also lead to genera-
tion of hyper entangled state which are simultaneously
entangled in polarization as well as in path degree of free-
dom. Such a state is defined as:
|ψ3〉 =
[|sI , iII〉 + |sII , iI〉]⊗ [|Hs0, Vi0〉 + |Vs0, Hi0〉]
(15)
Here, s and i correspond to signal and idler and the sub-
scripts I and II corresponds to the path I and path II
making an angle θs and θi with the pump beam direc-
tion respectively.
As an example, we demonstrate here the generation of
hyper - entangled photon pairs at 807 nm and 813.02 nm
from a pump beam of wavelength 405 nm excited in a fun-
7}Idler
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Pump
I II
FIG. 8. Top view of the waveguide design for generating and
collecting of polarization entangled photon pairs. Here, region
(I) is a planar waveguide with two slant QPM gratings for gen-
erating different polarization entangled stats by changing the
pump wavelength states and region (II) shows the collection
of photon pairs along the different channel waveguide
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FIG. 9. Output spectra as a function of emission angles
damental modes in a planar waveguide of depth 2.0 µm.
For gratings of periods 9.0 µm and 9.08 µm having peri-
odical poling parallel to propagation direction, we show
the variation of the normalized output spectra as a func-
tion of emission angle. It can be inferred from Fig. 9
that polarization entangled photon pairs can be simulta-
neously generated over a range of angles of −0.4◦ to 0.4◦
and can be generated with maximum efficiency at the
pairs of emission angles 0.1◦ and −0.1◦ corresponding to
path I and path II respectively where the two curve in-
tersect as shown by the dotted vertical lines in Fig. 9.
The state of the photon pairs generated in the pairs of
paths is given by Eq. (15).
V. CONCLUSION
We have shown that planar waveguides provide us an
optimized configuration for generation of polarization en-
tangled photon pairs using SPDC with efficiencies higher
than for bulk with the possibility of ease of collection
like in channel waveguides with the additional feature of
tunability. Such a design should find applications in in-
tegrated quantum optics. We have also shown that the
planar waveguide configuration with appropriate QPM
gratings can also lead to generation of hyper entangled
state unlike in case of channel waveguide.
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